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Water is a promising working fluid for high-temperature heat pumps (HTHPs) with the advantages of being cheap, safe, stable, environmentally friendly, non-toxic, and non-flammable. HTHPs using water as a refrigerant not only can reduce greenhouse gas emissions in the industrial sectors by recovering waste heat but also have no adverse effect on the environment if the refrigerant leaks. This article evaluates the safety, energy, and exergy performance of six designed HTHP configurations with water refrigerant by analyzing the discharge superheat, power consumption, heating capacity, COP, and exergy efficiency—at different condensation and evaporation temperatures. The results indicated that water injection and intercooling can effectively decrease the discharge superheat to ensure safety performance. Among these systems, two-stage cycles can supply higher output temperatures and have better system performance compared to single-stage cycles at high-temperature lifts and large compression ratio conditions. The two-stage system with a flash tank (TS-FT) has the biggest heating capacity, the best COP, and the best exergy efficiency. With an evaporation temperature of 80°C and condensation temperature of 140°C, the COP is 4.14 and the exergy efficiency is 70.9% for the TS-FT. Compared with the single-stage ordinary system (SS-OS), the COP of the TS-FT has an increment of 36.6%. The exergy efficiency of the TS-FT is 19.8% higher than that of the SS-OS. Considering the aforementioned theoretical analysis, the TS-FT with the best safety, energy, and exergy performance is the optimal HTHP system with water refrigerant for high-temperature applications.
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1 INTRODUCTION
In the last decade, reducing carbon dioxide emissions to prevent global warming has attracted wide attention around the world. Using energy-saving technologies to reduce primary energy consumption is an important way to prevent global warming. The heat pump is an effective energy-saving technology, which can significantly reduce primary energy consumption by recycling and utilizing waste heat or any other kind of low-grade thermal heat (Arpagaus et al., 2016; Xu and Wang, 2016). Furthermore, compared with absorption and adsorption heat pumps, vapor compression heat pumps, which are available in a large variety of sizes, have been most widely used in commercial and industrial applications to help reduce carbon dioxide emissions recently (Arpagaus et al., 2018; Liu et al., 2022). So, to satisfy various application demands and save energy, many vapor compression heat pump systems with different refrigerants have been investigated, developed, and used in various industrial scenarios (Bamigbetan et al., 2017; Jiang et al., 2022). However, as the core of the vapor compression heat pump system, the refrigerant not only limits the performance of heat pumps but also greatly impacts global warming. Due to this reason, refrigerant selection plays the most important role in the design process of a heat pump system (Calm and Hourahan, 1999; Calm, 2008). In the past 200 years, the history of refrigerant development can be divided into four stages with a different focus. In 2016, the 28th Meeting of the Parties to the Montreal Protocol passed the Kigali Amendment, which is aimed at reducing greenhouse gases such as hydrofluorocarbons (HFCs) and has been effective from 1 January 2019 (Heath, 2017). The adoption of the Kigali Amendment indicates that the development of refrigerants has officially entered the fourth stage of reducing global warming. By limiting 18 kinds of HFCs, the Kigali Amendment is expected to reduce HFC emissions by 88% and lower global warming by 0.5°C at the end of the 21st century. So, low-global warming potential (GWP) refrigerants, such as natural refrigerants (Bamigbetan et al., 2018; Schlemminger et al., 2019) and novel hydrofluoroolefins (HFOs) (Arpagaus et al., 2019; Arpagaus and Stefan, 2019; Watanabe et al., 2019), have recently become more and more popular in vapor compression heat pump systems. These heat pumps are investigated to satisfy various temperature demands in different systems with high performance. As the representative of natural refrigerants, water plays an important role in the low-GWP refrigerant heat pump research, especially when the output temperature is above 100°C.
Water is a cheap, safe, and stable refrigerant with no toxicity or flammability. In addition, it has great theoretical performance and potential in high-temperature conditions. The high-temperature heat pump (HTHP) systems using water as a refrigerant have larger compression ratios and larger volumetric flow rates simultaneously (Wu et al., 2021). They have high discharge temperatures, which not only cause deformation of the rotors and housings but also threaten the long-term security and stability of systems (Stosic, 2015). To realize the application of water in HTHPs, all the aforementioned problems need to be addressed. To satisfy the large compression ratio and the large volumetric flow rate simultaneously, the twin-screw compressor is the best compressor type for a water refrigerant (Hu et al., 2018). However, its adiabatic efficiency has an optimal value as the compression ratio is close to the designed value. The volumetric efficiency of the twin-screw compressor also decreases with the increase in compression ratio (Shen et al., 2016). When the compression ratio is too large, the adiabatic and the volumetric efficiency decrease rapidly, seriously affecting system performance. In addition, refrigerant injection and intercooling are great solutions to decrease high discharge temperature and improve system performance (Shen et al., 2014; Wu et al., 2020a).
To solve the aforementioned problems and better apply the water refrigerant in the HTHP system, many scholars are trying to study and investigate the water vapor HTHP (WV-HTHP) through theoretical analysis and experimental research. Madsboell et al. (2014) designed a centrifugal water vapor compressor for industrial heat pump applications to supply hot water of 90°C–110°C, which has a capacity of 100–500 kW with a temperature lift of 25°C–30°C per stage. They introduced the performance of the centrifugal compressor but did not use it in a heat pump system. Shen et al. (2014) designed and analyzed a single-stage water vapor heat pump system with a water-jet screw-type steam compressor. Using a water spray makes the discharge water vapor reach its saturation state and meet its high-temperature lift requirements. At an evaporation temperature of 75°C and temperature lift of 55°C, the system has a calculated COP of 6. Larminat et al. (2014) built and tested a prototype of a single-stage HTHP with water refrigerant, which uses a two-stage centrifugal compressor. This heat pump is designed for 700 kW heating capacity at 90°C evaporation and 130°C condensation. The prototype was successfully tested with a COP of 5.5 at the design condition. Chamoun et al. (2011), Chamoun et al. (2012), and Chamoun et al. (2014) presented a new single-stage water vapor heat pump system and introduced a prototype of this heat pump. Their simulation results showed that when the source heat temperature was 94°C at a constant volume flow rate of 72 m3 h−1, the output heating capacity reached 390 kW with a COP of 5.5. Wu et al. (2019b) also presented a WV-HTHP system with a single stage for waste heat recovery from the 80°C–90°C heat source to support an efficient 120°C–130°C hot water supply. Then, they tried to improve the hot water output temperature and increased the condensation temperature to 150°C with a temperature lift of 65°C (Wu et al., 2019a). By comparison with the traditional refrigerant (R245fa), hydrocarbons (R600 and R601), and novel HFOs (R1234ze(Z) and R1336mzz(Z)), they found that water refrigerant has the best potential in HTHPs (Wu et al., 2020b).
Although the study of HTHP using water as a refrigerant is a research hotspot currently, almost all the aforementioned research is experimental and based on a single-stage heat pump system with little difference, such as different compressor types and different water-injection loops. They just focused on COP and heating capacity. It makes sense to carry out a theoretical analysis of the performance of different HTHP configurations with water refrigerant systematically, including the safety, energy, and exergy performance. In particular, the performance characteristics of the water refrigerant in a two-stage compression heat pump system are demonstrated and analyzed. Herein, two tasks are included to analyze the system performance of the WV-HTHP with different configurations. First, WV-HTHP systems with different pieces of auxiliary equipment were introduced and compared, and the differentiated role of these pieces of auxiliary equipment in the system is highlighted. Second, the thermodynamic analysis and performance prediction were finished for WV-HTHP systems with different configurations, and the application characteristics and potential of the systems with different configurations are indicated. They will promote the investigation and popularize the application of WV-HTHPs, which are conducive to environmental protection and energy conservation.
2 HEAT PUMP CONFIGURATIONS
To analyze the performance of different WV-HTHP configurations, two single-stage and four two-stage WV-HTHP systems with different pieces of auxiliary equipment were refactored. In addition to the six designed systems, a single-stage ordinary system (SS-OS) is used as the baseline in theoretical analysis, as shown in Figure 1. Figure 2 presents the schematic diagram of the single-stage system with water injection (SS-WI) and its corresponding p–h diagram. Water injection in the compressor chamber was designed to decrease discharge temperature. By injecting water into the compressor chamber from the liquid collector, superheat of compressed steam is decreased during the compression process. Figure 3 shows the schematic and p–h diagrams of the single-stage system with an ejector (SS-ES). The ejector was added in this cycle to increase suction pressure. When steam is cooled to the saturation condition with constant pressure in the gas cooler, it is divided into two streams. One is used as driving steam to eject evaporation steam. The other flows into the evaporator to recover waste heat. After being ejected by the high-pressure driving steam, the steam sucked by the compressor has a higher pressure than evaporation pressure. It helps decrease the compression ratio and power consumption per unit mass.
[image: Figure 1]FIGURE 1 | Single-stage ordinary system. (A) Schematic diagram. (B) p–h diagram.
[image: Figure 2]FIGURE 2 | Single-stage system with water injection. (A) Schematic diagram. (B) p–h diagram.
[image: Figure 3]FIGURE 3 | Single-stage system with an ejector. (A) Schematic diagram. (B) p–h diagram.
Compared with single-stage systems, two-stage systems can satisfy a larger compression ratio and achieve a higher temperature lift. Four two-stage systems were constructed. Figures 4–7 present the schematic and p–h diagrams of the designed two-stage WV-HTHP systems. Figure 4 shows the two-stage system with an intercooler (TS-IC) and its corresponding p–h diagram. The intercooler between two compressors was used to decrease the suction temperature of the second compressor, which helped lower the practical discharge temperature. Figure 5 presents the two-stage system with an internal heat exchanger (TS-IHE) and its corresponding p–h diagram. The IHE was designed to provide wet-steam injection during the two-stage compression, which benefits the discharge temperature decrease and the system performance improvement. Figure 6 shows the two-stage system with water injection (TS-WI) and its corresponding p–h diagram, which is similar to the SS-WI. The discharge temperature is decreased by directly injecting the condensed liquid during the two-stage compression to lower the superheat. Figure 7 displays the two-stage system with a flash tank (TS-FT) and its corresponding p–h diagram. The flash tank was added to decrease the middle temperature by the endothermic effect of flash evaporation. In addition, the condensed liquid also produces steam during the flash process, which increases the mass flow rate flowing into the second compressor.
[image: Figure 4]FIGURE 4 | Two-stage system with an intercooler. (A) Schematic diagram. (B) p–h diagram.
[image: Figure 5]FIGURE 5 | Two-stage system with an internal heat exchanger. (A) Schematic diagram. (B) p–h diagram.
[image: Figure 6]FIGURE 6 | Two-stage system with water injection. (A) Schematic diagram. (B) p–h diagram.
[image: Figure 7]FIGURE 7 | Two-stage system with a flash tank. (A) Schematic diagram. (B) p–h diagram.
3 THERMODYNAMIC ANALYSIS
To analyze the safety, energy, and exergy performance of different WV-HTHP systems, thermodynamic models are developed to simulate their performance. In these models, the following assumptions were made:
1) The refrigerant evaporates and condenses at the constant pressure in the evaporator and condenser, respectively
2) The refrigerant expands at constant enthalpy in the expansion valve
3) The refrigerant is at a saturation state at the outlet of the evaporator
4) The refrigerant has a 5°C subcooling at the outlet of the condenser
5) For SS-WI and two-stage systems, the steam is at the saturation state with the middle pressure
6) The compression ratio is kept below 12 per one stage
7) During the compression process, the steam leakage is from the discharge side to the suction side
8) During the heat exchange process, the heat transfer efficiency is 100%
Some of the equations used in the calculation process are shown as follows.
For the compression process, the suction mass flow rate for the compressor (single-stage systems) and the first compressor (two-stage systems), msteam,suc, in kg·s-1, is calculated by the following equation:
[image: image]
where Vth is the theoretical volumetric flow rate of the twin-screw compressor in m3·s−1; ρsuc is the density of suction steam in kg·m−3; and ηvol is the volumetric efficiency of the twin-screw compressor.
The volumetric efficiency of the twin-screw compressor, ηvol, is obtained from the work of Liu et al. (2012), as shown in the following equation:
[image: image]
where pdis is the discharge pressure of the compressor and psuc is the suction pressure of the compressor in kPa.
The discharged mass flow rate of steam for the compressor (single-stage systems) and the second compressor (two-stage systems), msteam,dis, in kg·s-1, is calculated by the following equations.
For the SS-OS, SS-ES, and TS-IC,
[image: image]
For the SS-WI,
[image: image]
For the TS-IHE,
[image: image]
For the TS-WI,
[image: image]
For the TS-FT,
[image: image]
where hi (i = 2, 3, 6, 7, 8) represents the enthalpy at the state point of i as marked in Figures 1–7.
The system power consumption, W, in kW, is calculated by the following equation:
[image: image]
where hdis represents the discharge enthalpy of steam in kJ·kg-1; hsuc represents the suction enthalpy of steam in kJ·kg-1; and ηm and ηele represent the mechanical and electrical efficiencies of the compressor, respectively.
The discharge enthalpy of steam of each compressor, hdis, in kJ·kg-1, is calculated by the following equation:
[image: image]
where ηis is the isentropic efficiency of the twin-screw compressor and his represents the enthalpy of steam after the isentropic compression in kJ·kg−1.
The isentropic efficiency of the twin-screw compressor is fitted from data given by Tian et al. (2017), as shown in the following equation:
[image: image]
The discharge superheat temperature of steam for the systems, tsuper, in °C, is calculated by the following equation:
[image: image]
where tdis is the discharge temperature of steam for the compressor in °C and tsat is the saturation temperature of steam at the discharge pressure in °C.
For the heat exchangers, such as the evaporator, condenser, and gas cooler used in the systems, the heat exchange capacity and the heat balance are calculated by the following equation:
[image: image]
where Qexc represents the heat exchange capacity for different heat exchangers in kW; hin and hout represent the enthalpy at the inlet and outlet of different heat exchangers in kJ·kg-1, respectively; tin and tout represent the pressurized medium water temperature at the inlet and outlet of different heat exchangers in °C, respectively; msteam represents the mass flow rate flowing through different heat exchangers in kg·s-1; mmedium represents the mass flow rate of pressurized medium water in different heat exchangers in kg·s-1; and cp represents the specific heat of pressurized medium water in kJ·(kg·°C)−1.
The system heating capacity, Q, in kW, is calculated by the following equations.
For the SS-OS, SS-WI, TS-IC, TS-IHE, TS-WI, and TS-FT,
[image: image]
For the SS-ES,
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The COP of the systems is calculated by the following equation:
[image: image]
Exergy efficiency is defined as the ratio of the total exergy output, Eout, to the total exergy input, Ein, of the systems, as shown in the following equation:
[image: image]
The total exergy output, Eout, and the total exergy input, Ein, of the heat pump system, in kW, are calculated by Eq. 12 and Eq. 13, respectively.
For the SS-OS, SS-WI, TS-IC, TS-IHE, TS-WI, and TS-FT,
[image: image]
For the SS-ES,
[image: image]
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where ein and eout are the specific exergy of medium water at the inlet and outlet of heat exchangers, respectively, which are calculated by the following equation:
[image: image]
To calculate the specific exergy of medium water, T0 = 298.15 K and P0 = 101.3 kPa are taken as the reference states.
The simulation model of an ejector can be seen in the work of Šarevski and Šarevski (2012) and Šarevski and Šarevski (2016). The thermo-compression of steam is at the single phase, and the ejector in the SS-ES is a single-stage ejector.
4 RESULTS AND DISCUSSION
To analyze the safety, energy, and exergy performance of the aforementioned WV-HTHP systems, some parameters including discharge superheat, power consumption, heating capacity, COP, and exergy efficiency are compared under different working conditions. In the simulation, the condensation temperature is varied from 110°C to 190°C with an evaporation temperature of 80°C. At 140°C condensation temperature condition, the evaporation temperature is varied from 70°C to 100°C. The main parameters in the simulation are shown in Table 1.
TABLE 1 | Main parameters in the simulation.
[image: Table 1]4.1 Discharge superheat
The discharge superheat indicates how much the actual exhaust temperature is higher than the saturation temperature at the compression process, which is an important index of safety performance. This is because high discharge temperatures will cause deformation of the rotors and housings, which will threaten the long-term security and stability of systems. Figures 8, 9 show the superheat of discharge steam for all systems under different condensation and evaporation temperature conditions, respectively.
[image: Figure 8]FIGURE 8 | Comparison of discharge superheat with various condensation temperatures.
[image: Figure 9]FIGURE 9 | Comparison of discharge superheat with various evaporation temperatures.
Figure 8 presents that at a constant evaporation temperature, with an increase in condensation temperature, discharge superheat increases for all systems. This is because the discharge superheat has a positive correlation with compression ratio and a negative correlation with isentropic efficiency. With the increase in condensation temperature, the compression ratio augmentation and the isentropic efficiency reduction lead to the increase in discharge temperature. In addition, as the condensation temperature increases, the superheat of discharge steam for single-stage systems increases dramatically, which also results from the dramatic decrease in isentropic efficiency. For different single-stage systems, the superheat of discharge steam is disparate. However, it is almost the same as each other among two-stage systems. When the condensation temperature is not too high, the SS-ES has the highest discharge superheat followed by the SS-OS, and the SS-WI has a higher discharge superheat compared to two-stage systems. For instance, when the condensation temperature is 140°C, the discharge superheat is 509.7°C for the SS-ES, 311.4°C for the SS-OS, 143.2°C for the SS-WI, and 106.2°C for all two-stage systems. The results indicate that water injection and intercooling are both efficient ways to decrease discharge superheat. For two-stage systems with complete middle cooling, the suction state of the second compressor is a saturation state at middle pressure, which leads to the same discharge superheat. For the SS-ES, after being ejected by high-pressure saturation steam, the evaporation steam enters a superheated state with higher pressure at the suction side of the compressor. Although its compression ratio is smaller, the suction superheat leads to its excessive discharge superheat at a lower condensation temperature. This is also why the superheat temperature of the steam in the evaporator is set at 0°C in Table 1. However, as condensation temperature increases, the isentropic efficiency of the SS-OS and SS-WI decreases faster than that of the SS-ES. So, compared with the SS-OS and SS-WI, the SS-ES with smaller compression ratios and better isentropic efficiency has lower discharge superheat at higher condensation temperatures.
Figure 9 shows that at a constant 140°C condensation temperature, with an increase in evaporation temperature, the discharge superheat of all systems decreases, which is mainly due to the reduction of the compression ratio. Among different systems, the SS-ES with a higher suction temperature has the highest discharge superheat, followed by the SS-OS and SS-WI. Compared with single-stage compression systems, two-stage compression systems have the same discharge superheat with lower values at lower evaporation temperatures. This is due to their smaller compression ratios and higher system isentropic efficiencies.
4.2 Power consumption
Power consumption is an important parameter to evaluate a heat pump system. In this section, the power consumption of those systems is analyzed. Figures 10, 11 illustrate the change in power consumption at different condensation and evaporation temperatures.
[image: Figure 10]FIGURE 10 | Comparison of power consumption with various condensation temperatures.
[image: Figure 11]FIGURE 11 | Comparison of power consumption with various evaporation temperatures.
As shown in Figure 10, when the evaporation temperature is constant at 80°C, the power consumption increases versus the condensation temperature increases. Based on Eq. 4, this is mainly because of the enthalpy difference augment and isentropic efficiency degradation during the compression process, as the condensation temperature increases. Among different systems, the SS-OS consumes the largest power, followed by the SS-WI, SS-ES, TS-FT, TS-IHE, TS-WI, and TS-IC at lower condensation temperatures. For instance, at 140°C condensation temperature, the power consumption is 119.5 kW for the SS-OS, 116.1 kW for the SS-WI, 110.5 kW for the SS-ES, 91.5 kW for the TS-FT, 90.2 kW for the TS-IHE, 89.3 kW for the TS-WI, and 84.9 kW for the TS-IC. This phenomenon is decided by the mass flow rate and the compressor efficiencies, especially the isentropic efficiency. At lower condensation temperatures with similar isentropic efficiencies of all the systems, the mass flow rate determines the power consumption. When the condensation temperature is higher, the isentropic efficiency of single-stage systems decreases rapidly and has a great impact on power consumption. For the SS-ES, its higher suction pressure and smaller compression ratio lead to better isentropic efficiency compared to other single-stage systems, which determines its lower power consumption at higher condensation temperatures.
Figure 11 illustrates that at a constant condensation temperature, the power consumption of all single-stage systems has a minimum value with the increase in evaporation temperature. However, for two-stage systems, the power consumption increases versus the evaporation temperature. This is because for single-stage systems, the isentropic efficiency and the mass flow rate determine the power consumption at lower and higher evaporation temperatures, respectively. For example, the SS-ES with higher isentropic efficiency has smaller power consumption compared to the SS-OS and SS-WI at lower evaporation temperatures. At higher evaporation temperatures, the SS-ES with a larger mass flow rate has a larger power consumption compared to the SS-OS and SS-WI as the isentropic efficiency has little difference. For two-stage systems with the same isentropic efficiency, the mass flow rate determines the power consumption. With the same suction flow rate, the mass of the water refrigerant used to decrease the first compressor discharge temperature determines the mass flow rate. So, the TS-FT, which uses the most water refrigerant, has the most mass flow rate and power consumption, and the TS-IC, which uses an intercooler to realize, has the smallest power consumption.
4.3 Heating capacity
The heating capacity indicates the ability of a system to provide useful thermal energy, which is an important parameter for evaluating the energy performance of a heat pump. Figures 12, 13 present the heating capacity of these systems under different condensation and evaporation temperature conditions.
[image: Figure 12]FIGURE 12 | Heating capacity comparison with various condensation temperatures.
[image: Figure 13]FIGURE 13 | Heating capacity comparison with various evaporation temperatures.
As shown in Figure 12, except for the TS-IC, the heating capacity for systems increases with the increase in condensation temperature. Based on Eq. 8 and Eq. 9, the heating capacity is determined by the mass flow rate and the enthalpy difference of the refrigerant at the heating side. For the TS-IC, the decrease in the mass flow rate determines its decreasing heating capacity. For other systems, the increase in the mass flow rate and enthalpy difference leads to an increase in the heating capacity. When the condensation temperature is 140 °C, the heating capacity is 378.6 kW for the TS-FT, 368.7 kW for the TS-IHE, 366.5 kW for the SS-WI, 362.1 kW for the SS-OS, 362.1 kW for the TS-WI, 358.3 kW for the TS-IC, and 315.8 kW for the SS-ES. Compared with the enthalpy difference, the mass flow rate is a more important factor at lower condensation temperatures. For single-stage systems, when the condensation temperature is high, the high discharge superheats also increase the enthalpy difference, which contributes to their heating capacity augment. However, for the SS-ES, one-third of its mass flow rate at the discharge side is used as driving steam to eject, so its heating capacity is the smallest.
Figure 13 presents that the heating capacity for all systems increases with the increase in evaporation temperature, which is determined by the mass flow rate. Among different systems, compared with the enthalpy difference at the heating sides, the mass flow rate plays a more important role in determining the heating capacity, especially for two-stage systems. Between the SS-OS and SS-WI, the SS-OS has a larger enthalpy difference and the SS-WI has a larger mass flow rate, so their heating capacities are similar. For the SS-ES, the separation of the water refrigerant at the heating side also leads to its smallest heating capacity.
4.4 COP
As the most important parameter to assess the energy performance of heat pump systems, the COP of these systems under different condensation and evaporation temperature conditions is analyzed and compared in Figures 14, 15, respectively.
[image: Figure 14]FIGURE 14 | COP comparison with various condensation temperatures.
[image: Figure 15]FIGURE 15 | COP comparison with various evaporation temperatures.
Figure 14 illustrates that the COP of all systems has a negative correction with the condensation temperature. This means that power consumption increases faster than heating capacity with the increase in condensation temperature. Among different systems, the TS-FT has the highest COP, followed by the TS-IHE, TS-WI, TS-IC, SS-WI, SS-OS, and SS-ES at lower condensation temperatures. When the condensation temperature is 140°C, the COP is 4.14 for the TS-FT, 4.09 for the TS-IHE, 4.05 for the TS-WI, 3.88 for the TS-IC, 3.16 for the SS-WI, 3.03 for the SS-OS, and 2.86 for the SS-ES. Compared with the SS-OS, the COP of the TS-FT has an increment of 6.4%. This phenomenon means that two-stage systems with smaller compression ratios and better compressor efficiencies for each stage achieve better performance. Furthermore, compared with intercooling, water injection is a better way to improve the performance of WV-HTHP systems. When using the water injection in the middle stage, more injected refrigerant responds to better system performance. In single-stage systems, water injection also can improve system performance. However, at higher condensation temperatures, the SS-ES shows better COP compared to the SS-WI and SS-OS. The ejector used to increase the suction pressure can effectively improve the performance of the SS-ES when the temperature lift is high.
As shown in Figure 15, at a constant condensation temperature, the COP of all the systems has a positive correction with evaporation temperature. It results from the power consumption increasing slower than the heating capacity with the increase in evaporation temperature. At higher evaporation temperatures, the TS-FT has the highest COP, followed by the TS-IHE, SS-WI, TS-WI, SS-OS, TS-IC, and SS-ES. However, at lower evaporation temperatures, the SS-ES has better COP compared to the SS-WI and SS-OS. This is because the ejector shows better performance compared to the compressor with a higher temperature lift and a bigger compression ratio.
4.5 Exergy efficiency
Exergy efficiency is an important indicator to evaluate the potential of the thermodynamic quality of a heat pump system. Compared to conventional energy analysis, exergy analysis can quantitatively characterize the thermodynamic imperfection of the heat transfer process and the possibility for thermodynamic development.
The exergy efficiency for different WV-HTHP systems has similar characteristics to the COP. It decreases versus the condensation temperature increases at a constant evaporation temperature, and it increases versus the increase in evaporation temperature at a constant condensation temperature. This means that with the increase in condensation temperature and temperature lift, the exergy loss in systems increases. With the evaporation temperature augment and the temperature lift reduction, the exergy loss in those systems decreases. When the evaporation temperature is 80°C, the exergy efficiency for these WV-HTHP systems at 120°C, 140°C, and 160 °C condensation temperature is shown in Table 2. At a condensation temperature of 140°C, the exergy efficiency ranges from 57.4% to 70.9% for these systems, and the TS-FT has the best exergy efficiency, followed by the TS-IHE, TS-WI, SS-WI, SS-OS, TS-IC, and SS-ES. The exergy efficiency of the TS-FT is 19.8% higher than that of the SS-OS. This is because better compressor efficiencies lead to less exergy loss.
TABLE 2 | Exergy efficiency with various condensation temperatures at an evaporation temperature of 80°C.
[image: Table 2]5 CONCLUSION
Based on the system configuration of WV-HTHP systems, six kinds of systems including two single-stage systems (SS-ES and SS-WI) and four two-stage systems (TS-IC, TS-IHE, TS-WI, and TS-FT) were analyzed and compared theoretically with the SS-OS as baseline. The efficiencies of the twin-screw compressor including the isentropic and volumetric efficiencies have a great influence on system performance. When the compression ratio is too high, the dramatic decrease in compressor efficiencies leads to the speedy degradation of system performance, especially for single-stage systems. So, this paper focuses on the high-temperature water vapor with a twin-screw compressor. When different compressors with different efficiency performances are used in the systems, the simulation results will be different too.
In addition, the two-stage compression system can supply a higher output temperature and have a better performance compared to the single-stage systems at the large temperature lift and high-compression ratio conditions. The water injection and intercooling methods are both efficient ways to decrease the superheat of discharge steam to keep the safety performance of these WV-HTHP systems. For two-stage compression systems, the TS-FT has the biggest heating capacity, the best COP, and the best exergy efficiency, which results from its bigger mass flow rate. So, compared with intercooling, water injection is a better choice to improve the energy and exergy performances of WV-HTHP systems. For single-stage systems, the ST-WI has better performance compared to the SS-OS in almost all aspects. It has a smaller discharge superheat temperature, which is like the two-stage systems. It also has a higher heating capacity with smaller power consumption, which results in better COP and exergy efficiency. However, the SS-ES has better COP and exergy efficiency compared to the SS-WI and SS-OS at large temperature lift and high-compression ratio conditions.
At an evaporation temperature of 80°C and condensation temperature of 140°C, the COP is 4.14 for the TS-FT. Compared with the SS-OS, the TS-FT has an increment of 36.6% in system COP. Meanwhile, the exergy efficiency is 70.9% for the TS-FT. The exergy efficiency of the TS-FT is 19.8% higher than that of the SS-OS. This means that the advantages of the TS-FT in COP and exergy efficiency are clear. Based on the aforementioned simulation results and analysis, the TS-FT is the optimal WV-HTHP system for high-temperature applications with the best safety, energy, and exergy performance.
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Abbreviations

GWP Global warming potential
HECs Hydrofluorocarbons
HFOs Hydrofluoroolefins

WV-HTHP  Water vapor high-temperature heat pump

SS-ES Single-stage compression system with an ejector
§8-WI Single-stage compression system with water-injection

TSFT Two-stage compression system with a flash tank

TS-IC Two-stage compression system with an intercooler

TS-HE Two-stage compression system with an internal heat exchanger
TS-WI Two-stage compression system with direct water-injection
Symbols

Specific heat (KJ-(kg-"'C)™")

Coefficient of performance

e Specific exergy (KIkg")
E Exergy (kW)

h Enthalpy (KIkg")

m Mass flow rate (kg's”)
p Pressure (kPa)

Q Heating capacity (kW)
t Temperature ('C)

v Volumetric flow rate (m*
w Power consumption (kW)
p Density (kgm™)

" Efficiency

Subscripts

adi Adiabatic

¢ Condensation

con Condenser

dis Discharge

e Evaporation

ele Electrical

eva Evaporator

ex Exergy

exc Exchange

gas Gas cooler

i State point

in In

inter Intercooler

is Isentropic

m Mechanical

medium Medium water

out Out

sat Saturation

steam Steam

suc Suction

super Superheat

th ‘Theoretical

vol Volumetric
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